We studied the biochemical properties of a plant receptor-like kinase to gain insights into the regulatory mechanism of this largest class of plant kinases. SYMRK (symbiosis receptor kinase) is required for early signal transduction leading to plant root symbioses with nitrogen-fixing rhizobia and phosphate-acquiring arbuscular mycorrhizal fungi. Amino acid substitutions in positions critical for activity of other related kinases cause a nonsymbiotic plant phenotype, suggesting that SYMRK kinase activity is required for symbiosis. SYMRK is capable of intermolecular autophosphorylation. Nonphosphorylated SYMRK is less active than the phosphorylated version, suggesting the phosphorylation status of SYMRK determines its activity. Three Ser/Thr residues were identified as residues required for full kinase activation through targeted mutagenesis. Using quadrupole time-of-flight mass spectrometry analysis, two of these were confirmed to be phosphorylated in vitro. These crucial phosphorylation sites are conserved among various plant receptor-like kinases as well as animal Pelle/interleukin-1 receptor associated kinase. Despite the distinct domain architecture of receptorlike kinases versus Pelle/interleukin-1 receptor associated kinase, our results suggest the existence of conserved activation mechanisms.
Plant receptor-like kinase (RLK) 1 genes constitute the largest family of plant kinases, with more than 600 and 1000 genes in the Arabidopsis and the rice genome, respectively (1) . The hallmarks of RLKs are a signal peptide, a more or less extensive extracellular domain with a variety of sequence motifs, a transmembrane domain, and an intracellular protein kinase domain. Their overall structure suggests a role of the extracellular domain in the perception of an extracellular ligand and signal transduction through the intracellular kinase domain. This family includes genes regulating developmental processes, such as clavata 1, brassinosteroid-insensitive 1 (BRI1), and erecta, and genes involved in plant defense, such as FLS2 and Xa21 (2, 3) . Several RLKs are involved in plant root symbiosis with nitrogen-fixing bacteria or phosphate-acquiring arbuscular mycorrhizal fungi (4) . The Lotus japonicus symbiosis receptor kinase (SYMRK) gene is required for a shared step between both fungal and bacterial plant symbiosis, and mutations in this gene abolish microbial interaction at an early stage (5) . Orthologues are found in Medicago truncatula (DMI2), Medicago sativa (NORK), and Pisum sativum (SYM19) (5, 6) . L. japonicus hypernodulation aberrant root formation 1 (HAR1) systemically regulates nodule number (7, 8) . L. japonicus nod factor receptors 1 and 5 (NFR1 and NFR5) are supposed to act as direct receptors for nod factors (9 -11) .
Despite the importance of RLK function in various signaling pathways involved in plant growth regulation and plant-microbe interactions, little is known about their regulatory mechanisms. Most of the characterized plant RLKs exhibit autophosphorylation activity when expressed and purified in Escherichia coli (3) . It is known that autophosphorylation of animal receptor tyrosine kinases, induced by dimerization or oligomerization upon ligand binding, leads to activation of their catalytic activity followed by signal transduction. In analogy to the receptor tyrosine kinase regulation mechanism, plant RLKs are suggested to be activated by autophosphorylation induced by dimerization or oligomerization of RLKs (2, 12) . Arabidopsis BRI1 was found to interact with another receptorlike kinase, BRI1-associated receptor kinase 1 (BAK1). BRI1 and BAK1 transphosphorylate each other, although it is not clear whether the transphosphorylation leads to their activation (13, 14) . The Arabidopsis somatic embryogenesis receptor kinase autophosphorylates intermolecularly in vitro, and potential phosphorylation sites in the activation loop are important for its catalytic activity (15) . However, the activation mechanism of plant RLKs has not yet been elucidated.
In this study we used SYMRK to analyze the mechanistic properties of this important class of kinases. We show that SYMRK encodes a functional kinase and that SYMRK activity is regulated by its phosphorylation status. A combination of targeted mutagenesis and phosphopeptide analysis by mass spectrometry defined critical phosphorylation sites.
EXPERIMENTAL PROCEDURES
Plasmid Construction-cDNA encoding the entire SYMRK intracellular domain was amplified by PCR using the forward primer TGC-CGCTACAGACAA and the reverse primer ATGCATTTACTATCTCGG with additional appropriate restriction endonuclease sites. The resulting PCR products were digested with restriction endonucleases and cloned into vectors. The following combinations of restriction enzymes and vectors were used: SphI and SalI with pQE30 (Qiagen, Crawley, UK) for His-SYMRK; EcoRI and SalI with pET32a (Novagen, Nottingham, UK) for TRX-SYMRK; EcoRI and SalI with pGEX4T-1 (Amersham Biosciences) for GST-SYMRK.
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Expression in E. coli and Protein Purification-Each construct for protein expression was transformed into E. coli strain Rosetta pLaqI (Novagen). Expression of recombinant proteins was induced by adding isopropyl 1-thio-␤-D-galactopyranoside to a final concentration of 1 mM into the L broth and culturing at 22°C for 5 h. His-tagged proteins were purified using nickel-agarose (Qiagen) according to the manufacturer's instruction. GST-tagged proteins were purified using glutathione-Sepharose 4B (Amersham Biosciences) according to the manufacturer's instructions. Purified proteins were de-salted using a PD-10 column (Amersham Biosciences), eluted with 50 mM HEPES, pH 7.4, and stored at Ϫ80°C.
In Vitro and In-gel Kinase Assay-In vitro kinase assays were carried out as follows unless otherwise specified. One g of protein was incubated in 50 l of kinase buffer (50 mM HEPES, pH 7.4, 10 mM MgCl 2 , 10 mM MnCl 2 , 1 mM dithiothreitol, 10 M cold ATP, and 10 Ci [␥-32 P]ATP) at 24°C for 30 min. The reaction was stopped by adding SDS-PAGE sample buffer and boiling for 5 min. Reactions were analyzed by SDS-PAGE, and the gels were stained by Coomassie Brilliant Blue R250 or silver staining (17) and dried using a gel dryer. Phosphorylated proteins were analyzed by autoradiography and/or phosphorimaging (Fujifilm, Herts, UK). The sensitive in-gel kinase assay was performed as described by Romeis et al. (18) Preparation of De-phosphorylated SYMRK-Purified GST-SYMRK protein was dephosphorylated as described above but using 0.1 units/l of CIP. The CIP-treated GST-SYMRK protein was incubated with glutathione-Sepharose (Amersham Biosciences) at 4°C for 2 h. The glutathione-Sepharose was extensively washed with phosphate-buffered saline, and protein was eluted with 1 bed volume of elution buffer (50 mM Tris, pH 8.0, 10 mM reduced glutathione) 5 times. The eluted protein was dialyzed against 50 mM HEPES, pH 7.4, and stored at Ϫ80°C.
Trypsin Digest of Recombinant Protein-Purified GST-SYMRK was used for trypsin digests with or without preincubation in a buffer allowing autophosphorylation (50 mM HEPES, pH 7.4, 10 mM MgCl 2 , 1 mM dithiothreitol, and 2 mM ATP) for 1 h at 37°C. A 1-l aliquot of a 30 mM solution of iodoacetamide (Sigma-Aldrich) in 50 mM Tris, pH 8.0, was added to 5 l of each protein sample. After 15 min, 5 l of a solution containing 50 ng of porcine trypsin (Promega, Southampton, UK) in 50 mM Tris, pH 8.0, was added and incubated for 16 h at 37°C. Finally, each sample was acidified using formic acid.
Quadrupole Time-of-flight (Q-ToF) Mass Spectrometry and Data Base Searching-Peptides generated from tryptic digestion were loaded at a high flow rate onto a reverse-phase trapping column (0.3 mm inner diameter ϫ 1 mm containing 5-m C18 100-Å PepMap packing, LC Packings, Amsterdam, The Netherlands) and eluted through a reversephase capillary column (75-m inner diameter ϫ 150-mm column containing Symmetry C18 300-Å packing, Waters Ltd., Elstree, UK) directly into the nanoelectrospray ion source of a Q-ToF2 (Micromass UK Ltd., Manchester, UK).
Fragment ion spectra generated from the liquid chromatography-MS/MS were analyzed using the MASCOT search tool (Matrix Science Ltd., London, UK) against the weekly updated SPTrEMBL data base using appropriate parameters. The criteria for protein identification were based on the manufacturer's definitions (Matrix Science Ltd.). Candidate peptides with probability-based Mowse scores exceeding the threshold (p Ͻ 0.05), and thus indicating a significant or extensive homology, were referred to as "hits." Protein scores were derived from peptide ion scores as a non-probabilistic basis for ranking proteins.
RESULTS

The SYMRK Intracellular Domain Encodes a Functional
Kinase-The SYMRK intracellular domain contains a conserved Ser/Thr protein kinase motif, but its kinase activity has not been shown previously. For this, the N-terminal His 6 -tagged SYMRK intracellular domain (His-SYMRK) or vector alone was expressed in E. coli and purified with nickel-agarose. The purified proteins were incubated with kinase buffer containing [␥-
32 P]ATP and separated by SDS-PAGE followed by Coomassie staining. Phosphorylated proteins were visualized by autoradiography or phosphorimaging. We detected a radioactive band in the His-SYMRK sample but not in the vector control, indicating that the SYMRK intracellular domain has autophosphorylation activity in vitro (Fig. 1A) .
To characterize the enzymatic properties of the SYMRK kinase, the autophosphorylation activity of His-SYMRK was analyzed in the presence of either 10 The specificity of SYMRK was tested using known kinase substrates. His-SYMRK was incubated in kinase buffer with either 2 mg of casein, histone IIA, or myelin basic protein.
Autoradiography detected bands corresponding to these substrates, but casein and myelin basic protein gave stronger signals than histone (Fig. 1C) . Therefore, casein was used as an artificial substrate in subsequent experiments.
Correlation between Kinase Activity and Biological Function of SYMRK-The domain structure of SYMRK supports the hypothesis that the extracellular domain perceives an unknown signal and the intracellular domain transduces the perception event to downstream targets via phosphorylation. A critical role for the kinase activity is suggested by several missense and nonsense point mutation alleles in the SYMRK kinase domain from L. japonicus and P. sativum (Refs. 5 and 19 and Table I ), which result in plants that cannot establish root nodule symbio- sis. Mutations are overrepresented in conserved kinase residues known to be critical for the catalytic activity. L. japonicus symrk-6 (G603R) and P. sativum sym19 P4 (G604E) mutations replace the second G of the GXGXXGXV ATP binding motif of domain I. symrk-9 (G604R) is in the same region, although it does not affect a conserved amino acid. The symrk-10 (D738N) and sym19 P55 (D739N) mutations destroy the conserved DFG motif of domain VII at the beginning of the activation loop, which is crucial for kinase activity (20) . Another mutation, symrk-8 (G759R), is also located in the activation loop. To determine the effects of these mutations on protein structure, a model for the SYMRK kinase domain was generated, and the mutation sites were mapped on the model. As depicted in Fig. 2 , most of the mutations generating non-symbiotic SYMRK alleles are located close to the activation loop.
From the information above it can be expected that most of these symrk mutations result in either loss or impairment of kinase activity. To confirm this, we introduced a subset of the mutations corresponding to plant mutant alleles into the E. coli-expressed SYMRK intracellular domain. His-W806*, His-G793D, and TRX-D738N contain the same mutation as the plant alleles, symrk-7, symrk-11, and symrk-10, respectively (Fig.  3A) . These proteins were purified and subjected to an autophosphorylation assay. Neither of the mutant proteins showed autophosphorylation activity ( Fig. 3B ; for TRX-D738N data are not shown). These results indicate a correlation between plant symbiotic phenotype and kinase activity, suggesting that the kinase activity is important for SYMRK function in symbiosis.
Intermolecular Phosphorylation of SYMRK-To investigate whether the SYMRK autophosphorylation proceeds via an intermolecular or an intramolecular mechanism, kinase-deficient SYMRK mutant proteins were used as a potential substrate of SYMRK. The wild-type SYMRK intracellular domain was cloned in the vector pET32a (TRX-SYMRK), which adds a 27-kDa thioredoxin tag, to generate a protein with a distinct molecular weight from the His-tagged mutant proteins. The TRX-SYMRK protein was purified from E. coli and incubated in kinase buffer with or without the kinasedead mutants His-W806* or His-G793D. Autoradiography analysis showed TRX-SYMRK has autophosphorylation activity. When His-W806* and His-G793D were incubated with TRX-SYMRK kinase, phosphorylated bands were detected with sizes corresponding to these kinase-deficient proteins (Fig. 3C) . These results show that the SYMRK intracellular domain catalyzes intermolecular phosphorylation.
The Phosphorylation Status of SYMRK Affects Kinase Activity-When E. coli-expressed His-SYMRK was analyzed by SDS-PAGE, we observed multiple bands of apparent molecular mass between 57 and 50 kDa, although the calculated molecular mass of the tagged protein is 44 kDa. Because these multiple bands were recognized by an anti-His antibody (data not shown), we investigated whether these low mobility bands represented phosphorylated species of His-SYMRK. After incubation with CIP, only one band with a similar size to the smallest of untreated His-SYMRK was observed (Fig. 4A) . This result indicates that His-SYMRK protein is phosphorylated in E. coli. Because kinase-deficient mutant protein shows a single band that corresponds to the size of the CIP-treated sample (data not shown), His-SYMRK is likely to be autophosphorylated and not phosphorylated by E. coli-derived kinases.
The differential phosphorylation status may affect the catalytic activity of SYMRK. To analyze the kinase activity of the different phosphorylated forms of SYMRK intracellular domain, we performed an in-gel kinase assay of His-SYMRK preincubated with or without CIP. Interestingly, we detected a radioactive band in the lane of non-CIP-treated His-SYMRK, but this band was barely visible in the lane containing CIPtreated protein. This result suggests that non-phosphorylated SYMRK has a much lower kinase activity than phosphorylated SYMRK. A time course experiment confirmed that the in-gel kinase activity decreased with progression of SYMRK dephosphorylation (Fig. 4B) . Because the in-gel kinase assay includes procedures of protein denaturation and renaturation, the reduced activity might be due to an inability of the non-phosphorylated SYMRK to refold properly. To investigate this possibility, we purified the non-phosphorylated SYMRK intracellular domain under a native condition. GST-tagged SYMRK intracellular domain (GST-SYMRK) purified from E. coli was dephosphorylated by CIP for 1 h at 37°C and repurified with glutathione-Sepharose. The repurified de-phosphorylated SYMRK was subjected to an in vitro kinase assay. GST-SYMRK showed a strong autophosphorylation band within 5 min and reached a maximum level after 30 -60 min of incubation, whereas de-phosphorylated SYMRK showed a weak signal after 10 min of incubation that gradually increased during longer incubation periods (Fig. 5A ). To test if this difference in the kinase activity is due to a contamination with remaining CIP activity, GST-SYMRK and de-phosphorylated SYMRK were mixed at 1:1 ratio and subjected to an in vitro kinase assay for 10 min. GST-SYMRK activity was not inhibited by the de-phosphorylated SYMRK, suggesting that there was no remaining phosphatase activity in the de-phosphorylated SYMRK sample (Fig. 5B) . Taken together, these results sug-
FIG. 3. Autophosphorylation and transphosphorylation activity of SYMRK.
A, schematic illustration of tagged proteins used in the experiments depicted in B and C. The SYMRK intracellular domain including the conserved kinase domain (gray box) and the juxtamembrane and the C-terminal domains (white box) was fused with the thioredoxin (TRX, striped box) and the hexahistidine (His, black box) tag (TRX-SYMRK) or the His-tag only (His-SYMRK). Mutations (W806* and G793D) representing mutant alleles that lead to nonsymbiotic plant phenotypes were introduced into the His-tagged SYMRK intracellular domain (His-W806*, His-G793D). B, autophosphorylation of SYMRK: His-SYMRK, His-W806*, and His-G793D were purified from E. coli and incubated with the kinase buffer. Samples were separated by SDS-PAGE followed by Coomassie staining (CBB, right) and phosphorimaging analysis (autorad, left). C, transphosphorylation of SYMRK. Indicated proteins were separately purified from E. coli and subjected to in vitro phosphorylation assay either alone or in combination, separation by SDS-PAGE, and subsequent phosphorimaging analysis.
FIG. 4. Kinase activity of phosphatase-treated SYMRK.
A, purified His-SYMRK was incubated with or without CIP for 1 h at 37°C. The samples were separated by SDS-PAGE, and proteins were visualized by silver-staining. Multiple bands observed in the CIPϪ sample were shifted to the lowest size bands after incubation with CIP. The upper bands, therefore, represent phosphorylated His-SYMRK (His-SYMRK ϩ P), and the lowest band corresponds to non-phosphorylated SYMRK (His-SYMRK Ϫ P). B, in-gel kinase assay of CIP-treated SYMRK. His-SYMRK protein was incubated with CIP at 37°C, and samples were taken at the indicated time points. As a control His-SYMRK was incubated without CIP for 60 min at 37°C (CIPϪ). The samples were separated in SDS-PAGE gel co-polymerized with casein and subjected to in-gel kinase assay (In gel, lower panel) . A Coomassie staining of the corresponding SDS-PAGE gel is shown (CBB, upper panel).
FIG. 5.
In vitro kinase assay of phosphatase-treated SYMRK protein. A, GST-SYMRK was de-phosphorylated with CIP to completion and then purified using glutathione beads. The protein was subjected to an in vitro kinase assay, and samples were taken at the indicated time points (CIPϩ). Non-treated GST-SYMRK was used as control (CIPϪ). After SDS-PAGE separation, the gel was silver-stained (silver, lower panel) and analyzed by phosphorimaging (autorad, upper panel) . B, GST-SYMRK alone and with dephosphorylated SYMRK at a 1:1 ratio was incubated in the kinase buffer for 10 min. Radioactive bands were visualized by phosphorimaging analysis after SDS-PAGE separation. gest that phosphorylation is necessary for full kinase activity of SYMRK.
Site-directed Mutagenesis of Predicted Phosphorylation SitesTo identify Ser/Thr residues decisive for the regulation of kinase activity, we performed site-directed mutagenesis. In the SYMRK intracellular domain 25 potential phosphorylation sites were predicted by the NetPhos2.0 program (www.cbs. dtu.dk/services/NetPhos). Among these we selected residues conserved between legume and non-legume SYMRK homologues as mutagenesis targets (data not shown). To narrow down the number of target residues, we especially selected the Ser/Thr residues placed at the following three regions; the activation segment, the juxtamembrane region preceding the conserved kinase domain, and the C-terminal region located after the conserved kinase domain. Previous studies suggested that phosphorylation of the activation segment is required for full kinase activity in many kinases, and some kinases contain regulatory phosphorylation sites in the juxtamembrane and the C-terminal region (20, 23) . We selected two Ser (Ser-751 and Ser-754) and 1 Thr (Thr-760) residues from the activation segment, one Ser (Ser-580) and one Thr (Thr-593) from the juxtamembrane region, and two Ser (Ser-870 and Ser-888) from the C-terminal region. These Ser/Thr residues were substituted by Ala in the GST-SYMRK construct, and the mutated proteins were analyzed by in vitro and in-gel kinase assay (Fig. 6, A and B) .
Mutations T760A in the activation segment and T593A in the juxtamembrane region reduced kinase activity significantly, although both proteins still showed basal in vitro kinase activity. The activity of these mutant proteins could not be detected by in-gel kinase assays. The S754A mutation slightly reduced auto phosphorylation and substrate phosphorylation activity in vitro, whereas no activity was detected by in-gel kinase assay. The mutations at S570A, S870A, and S888A did not affect either in vitro or in-gel kinase activity. In brief, we found three Ser/Thr residues that affect autophosphorylation and transphosphorylation activity of SYMRK.
Determination of Phosphorylation Sites of SYMRK Expressed in E. coli-Although crucial Ser/Thr residues for regulation of SYMRK kinase activity were identified, it was unclear whether these sites were indeed phosphorylated. To answer this question, we determined the presence of phospho-amino acids by Q-ToF/MS in E. coli-expressed GST-SYMRK proteins with or without preincubation in an autophosphorylation buffer. Although several tryptic SYMRK peptides were not detected by Q-ToF/MS, the peptides that included each of Ser-754, Thr-760, and Thr-593 were detected. MS-Spectra identified phosphorylated Ser-754 in the GST-SYMRK sample without preincubation (Fig. 7A) and Thr-760 from the preincubated sample (Fig.  7B) . Phosphorylation of Thr-593 could not be detected in either sample. Because no phosphorylated peptides were detected on GST-K622E, a kinase-dead mutant, the observed phosphorylation of GST-SYMRK is likely due to autophosphorylation and not mediated by an E. coli-derived kinase. DISCUSSION SYMRK is a member of the large family of leucine-rich repeat receptor-like kinases in plants. In this study we show that the SYMRK intracellular domain encodes a functional kinase that is regulated by phosphorylation. Several L. japonicus and P. sativum mutants defective in symbiosis were shown to carry mutations in the conserved kinase motifs of SYMRK, which suggest that the kinase activity of SYMRK is required for its symbiotic function.
Although kinase domain sequences of various plant receptor kinases are highly conserved, phosphorylation properties are variable. The disease-resistance gene Xa21 from Rice encodes a leucine-rich repeat-type receptor kinase, and the Xa21 kinase domain autophosphorylates in an intramolecular manner (24) . In contrast, Arabidopsis somatic embryogenesis receptor kinase is reported to autophosphorylate intermolecularly (15) . We found that SYMRK autophosphorylates intermolecularly as the SYMRK kinase domain phosphorylates kinase-dead mutant versions, although we cannot exclude the possibility SYMRK also autophosphorylates intramolecularly.
In animal systems, intermolecular phosphorylation is particularly important for activation of some receptor-tyrosine kinases that recognize growth factors. Upon ligand binding, dimerization or oligomerization of receptor-tyrosine kinases triggers intermolecular phosphorylation of regulatory residues that are essential for activation of kinases (25) . A similar mechanism is also reported for the Drosophila kinase Pelle, a toll receptor-associated kinase. The Pelle kinase is activated by concentration-dependent autophosphorylation, and this activation is supposed to be triggered by dimerization or oligomerization of Toll receptor complexes (26) . All plant RLKs belong to a monophyletic gene family, which includes Drosophila Pelle Two sites were located in the juxtamembrane domain (S570A and T593A), two were in the C-terminal domain (S877A and S885A), and three were in the activation segment (S751A, S754A, and T760A). As a kinase-dead negative control, catalytic Lys-622 was mutated to Glu (K622E). Each protein was purified and subjected to in vitro kinase assay without (A) and with substrate protein casein (B). The radioactive bands on the SDS-PAGE gel were detected by phosphorimaging (autorad, upper panel). Coomassie staining of the same gels is shown (CBB, lower panel). C, in-gel kinase assay of the mutated proteins. Each mutant protein was separated on a SDS-PAGE gel co-polymerized with casein and subjected to in-gel kinase assay. The radioactive bands were visualized by phosphorimaging. (2) . Based on analogy to animal kinases, phosphorylation-dependent activation of plant RLKs was repeatedly proposed (2, 12) . However, this has not yet been shown. Here we demonstrate that SYMRK kinase activity is regulated by its phosphorylation status and probably via autophosphorylation. Results from both in-gel and in vitro kinase assays suggest that SYMRK needs to be phosphorylated to gain full kinase activity.
To identify the phosphorylation sites that affect the SYMRK activation, we mutagenized seven computer-predicted phosphorylation sites that are conserved between SYMRK orthologues from different plant species. We found three crucial residues, Thr-593, Ser-754, and Thr-760, that are required for full kinase activity.
Residues Ser-754 and Thr-760 are located within the activation segment. The T760A mutation reduced kinase activity significantly but not completely. The S754A mutant protein showed only slightly less autophosphorylation and substrate phosphorylation activity than wild-type GST-SYMRK protein, and the kinase activity was not detected by the in-gel kinase assay. In the Arabidopsis somatic embryogenesis receptor kinase protein the Thr residues Thr-462 and Thr-468 located within the activation loop are important for its catalytic activity (15) and correspond to Ser-754 and Thr-760 in SYMRK, respectively. Although the effects of mutations in these residues were generally more pronounced in somatic embryogenesis receptor kinase than in SYMRK, the trend was the same, with Thr-468 having a stronger defect than Thr-462.
Residue Thr-593 is located just before the ATP binding site in the conserved kinase domain of SYMRK. A tomato diseaseresistance gene, Pto, encodes a kinase. The sequence of Pto is closely related to the kinase domain of RLKs. The autophosphorylation sites in Pto were extensively analyzed, and Thr-38 was found to be required for kinase activation and signal transduction (27) . Alignment of the SYMRK intracellular domain and Pto revealed that Thr-38 in Pto is equivalent to SYMRK Thr-593 (Fig. 8) . Mutation of this residue leads to a dramatic reduction in kinase activity, suggesting that this critical residue has a conserved role in SYMRK and Pto.
Recently, the phosphorylation-dependent activation mechanism of IRAK-1, the mammalian orthologue of Pelle, was reported (28) . IRAK-1 requires phosphorylation of two different sites, Thr-209 and Thr-387, to be activated. Kollewe et al. (28) suggested that phosphorylation of Thr-209 "kicks off " the activation of the kinase and subsequent Thr-387 phosphorylation precedes hyperphosphorylation of the ProST region followed by dissociation of IRAK-1 from the interleukin-1 receptor complex. The amino acid alignment indicates Thr-209 and Thr-387 in IRAK-1 correspond to Thr-593 and Thr-760 of SYMRK, respectively (Fig. 8) . The combined results of the present study with that of Kollewe et al. (28) suggest similarities in the regulatory mechanisms of IRAK-1 and SYMRK, although SYMRK has additional transmembrane and extracellular domains that IRAK-1 lacks. Moreover, with the exception of Ser-754 in Pelle, the three crucial phosphorylation sites identified in this study are largely conserved among various plant receptor-like kinases and Pto as well as Pelle and IRAK-1, suggesting the existence of an evolutionary conserved activation mechanisms.
By using Q-ToF/MS analysis of trypsin-digested SYMRK, we could prove that some of these crucial Ser and Thr are actual phosphorylation sites at least in E. coli-expressed protein. We observed peaks corresponding to phosphorylated Ser-754 and T760 residues in the sample with and without pre-autophosphorylation treatment, respectively. These results suggest that the phosphorylation of Ser-754 and Thr-760 may occur under different conditions. We could not detect phospho-Thr-593 by Q-ToF. This could either indicate that Thr-593 has a role in kinase activation independent of phosphorylation or that the phosphorylation of Thr-593 is transient and, hence, difficult to detect. Alternatively, we could not detect it for technical reasons. Recently, a phosphoproteome analysis of plasma membrane proteins from Arabidopsis cell cultures discovered in vivo phosphorylation sites of RLKs (29) . These data of Nü hse et al. (29) are consistent with our in vitro results; Ser and Thr residues corresponding to SYMRK Thr-593, Ser-754, and Thr-760 were found to be phosphorylated in several Arabidopsis RLKs in vivo. Taken together, the combined results highlight the relevance of these sites not only for the regulation of SYMRK but also of other members of the RLK gene family. 
